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SUMMARY
The interest towards the deployment of Low Earth Orbit (LEO)/Medium Earth Orbit (MEO) satellite systems in
several frequency bands is increasing due to the requirement of low latency for real-time systems and high demand
of broadband data. When the number of usable Non-Geostationary (NGEO) satellites, that is, LEO/MEO in space,
increases, the frequency coexistence between the NGEO satellite systems with the already existing geostationary
(GEO) satellite networks becomes a requisite. In this context, it is crucial to explore interference mitigation tech-
niques between GEO and NGEO systems in order to allow their spectral coexistence. More specifically, in the
coexistence scenario of GEO and NGEO satellite networks, in-line interference may be a serious problem, espe-
cially in the equatorial region. In this paper, we provide several frequency sharing studies in the context of the
coexistence of an NGEO satellite link with another NGEO/GEO satellite link. Furthermore, we carry out inter-
ference analysis between GEO and MEO satellite systems considering the case of the O3b satellite system and
propose an adaptive power control technique for both the uplink and downlink scenarios in order to mitigate the
in-line interference. Moreover, we suggest several cognitive solutions for mitigating the in-line interference and
provide future research issues. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Several Satellite Communications (SatComs) systems have been proposed in the literature for the
provision of fixed, mobile, interactive and personal services, adopting Geostationary (GEO) and Non-
Geostationary (NGEO) orbits such as Low-altitude Earth Orbits (LEO) and Medium-altitude Earth
Orbits (MEO). Next generation satellite systems require significantly higher spectral efficiency to
address the spectrum scarcity problem, and different satellite systems need to coexist within the same
spectrum in order to achieve this objective. In this context, cognitive SatComs is a promising candi-
date providing different opportunities for the spectral coexistence of two satellite networks [1]. GEO
satellites utilize a circular orbit above the Earth’s equator maintaining the same position relative to
the Earth’s surface while the positions of NGEO satellites change quite rapidly with time. The main
advantages of NGEO satellites in comparison to GEO satellites are reduced free space attenuation,
small propagation delay and the reduced cost of in-orbit injection per satellite [2]. Recently, the Other
Three Billion (O3b) network has proposed to launch O3b satellites in the MEO of 8062 km in order to
improve the round trip latency as compared to that of the GEO satellite. The O3b network proposes to
use parts of the Ka band (uplink: 27.5–30.0 GHz; downlink: 17.8–20.2 GHz) that are also being used
by the GEO networks. To facilitate the coordination in the Ka band, International Telecommunication
Union-Radiocommunication (ITU-R) footnote 5.523A related to the bands 17.8–19.3/28.6–29.1 GHz
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specifies that the coordination is subject to the radio regulations RR 9.11A, that is, priority based on the
date of filing. In the rest of the frequency band, Effective Power Flux Density (EPFD) limits specified
in the RR Article 22 should be respected for coordination with the already existing satellite sys-
tems. Furthermore, the Federal Communications Commission (FCC) has already permitted Teledesic
to operate its service links (uplink: 28.6–29.2 GHz; downlink: 18.8–19.3 GHz) and the gateway termi-
nal links (uplink: 27.6–28.4 GHz; downlink 17.8–18.6 GHz) on a secondary noninterference basis in
the Ka band.
In the coexistence scenarios of GEO and NGEO networks, in-line interference may be a serious
problem and it arises whenever an NGEO satellite passes through a line of sight path between an earth
station and a GEO satellite. This is due to the fact that an earth station that is in line with GEO and
NGEO satellites may receive and create interference through its main beam. The in-line interference
causes a potential problem to the GEO networks operating near the equator while considering the case
of O3b satellites. In this context, exploring efficient techniques to mitigate the in-line interference is
a highly relevant and challenging problem for the spectral coexistence of GEO and NGEO satellite
networks [3–5].
Cognitive communications is considered a promising candidate for allowing the coexistence of
different wireless networks. In the context of SatComs, recent work exploiting spectrum sharing oppor-
tunities includes [1, 6–17]. Out of these, the contributions [6, 10, 13, 14, 16, 17] address dual satellite
coexistence scenarios. The interference scenario in a satellite system is different from that of the terres-
trial systems due to the presence of the on-board antenna that acts as a spatial filter [2]. The cochannel
interference mainly arises due to the presence of side-lobes in the on-board antenna radiation pattern,
that is, nonideal angular selectivity of the spotbeams and in the radiation patterns of the earth station
terminals. In NGEO satellite systems, the relative position of the cochannel spots changes over time
due to the constellation dynamics. Due to this, the interference analysis between the systems operating
in GEO and NGEO systems becomes more challenging. In [2], several techniques such as spot turnoff,
intraorbital plane frequency division and interorbital plane frequency division have been identified
in order to avoid or minimize the cochannel interference between GEO and NGEO systems. While
considering these techniques, terrestrial Fixed Service (FS) networks operating in the same spectrum
should also be taken into account. In the spot turnoff method, one of the two spots is turned off when-
ever two spots overlap too much. In the intraorbital plane frequency division method, satellites on the
same orbital plane are assigned different frequency subsets up to a specified modulo R, whereas in
the interorbital plane frequency division, the available frequency spectrum is subdivided into as many
subsets as the number of orbital planes in such a way that satellites on different orbital planes do not
interfere with each other.
1.1. Types of satellite systems
Depending on the satellite orbit height (h), the satellite orbits can be classified into LEO, MEO and
GEO. The satellites situated at 500 < h < 2000 km are LEO satellites, satellites with 5000 < h <
20000 km are MEO satellites and the satellites with h D 35800 km are GEO satellites. Since the
satellite footprint decreases in size as the orbit becomes lower, LEO and MEO systems require larger
constellations than the GEO satellites in order to achieve the global coverage and avoid data transmis-
sion delays. However, low transmit power is sufficient for LEO and MEO satellite systems because
of the shorter average distance between the earth station terminal and the satellite [2]. The LEOs can
be further subdivided into big LEO and little LEO categories. The big LEOs can offer voice, fax,
telex, paging and data services, whereas the little LEOs can provide only data services, either real-time
services or store and forward services [18]. The MEO constellations have some advantages and com-
promises both the LEO and GEO constellations. They require limited number of satellites to achieve
wide coverage with intermediate values of the elevation angles. The values of free space attenuation
and propagation delay are also intermediate to those of LEO and GEO values.
In the context of MEO satellites, the O3b network has proposed the O3b constellation of 12 to 20
satellites in a circular MEO at a distance of about 8062 km from the Earth. Out of which four satellites
have been already launched in the operational orbits [19]. The round trip delay of the O3b satellite is
120 ms as compared to 500 ms of the GEO satellite. This becomes highly advantageous for enhancing
the quality of telephone calls and data throughput using satellite networks. The main advantages of O3b
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network are low latency, high capacity of 1.2 Gbps, competitive pricing, easily and quickly deployable
structure [20]. The beam footprints have a diameter of about 600 km on the Earth surface between
45ı North and 45ı South and can be dynamically steered as the satellite moves in order to cover the
required areas and skip over the unpopulated areas. At the initial stage, the O3b network has planned to
place eight satellites at 45° apart, orbiting around the equator in a noninclined orbit. As noted in [20],
the maximum permissible power for satellite earth station around 18 GHz with 0.01 % unavailability
is 146 dBW/MHz. The detailed parameters for O3b network have been provided in Table III.
1.2. Interference mitigation techniques for coexistence of GEO and NGEO systems
In this subsection, we provide a review of interference mitigation techniques for the coexistence of an
NGEO satellite system with the GEO satellite systems operating in the same spectrum. Furthermore,
we provide different ITU-R regulations related to the interference analysis between GEO and NGEO
satellite systems in Table I.
The contribution in [21] specifies the following techniques that are commonly used to facilitate
spectrum sharing between GEO and NGEO satellites.
(1) Spatial isolation (e.g., GEO orbital slot separation)
(2) Geographical separation between satellite earth terminals
(3) Time/frequency/code isolation
(4) Frequency band segmentation or band planning
(5) Minimum look angle restrictions for sharing between earth terminals and the terrestrial FS links
(6) GEO arc avoidance for NGEO sharing with GEO Fixed Satellite Services (FSS) and GEO
Broadcasting Satellite Services (BSS)
(7) Co-coverage avoidance schemes (e.g., National Oceanic and Atmospheric Administration
(NOAA) and Little LEOs)
Table I. Related ITU-R recommendations.
ITU-R recommendations Description
ITU-R S.1419 Suggests interference mitigation techniques to facilitate
coordination between NGEO and GEO FSS networks in the bands
19.3–19.7 GHz and 29.1–29.5 GHz
ITU-R S.1323-2 Provides the maximum permissible levels of interference in a
satellite network (GEO/FSS, NGEO/FSS, NGEO/MSS feeder links)
ITU-R S.1428 Provides reference earth station radiation patterns for use in
interference assessment involving NGEO satellite networks in
frequency bands between 10.7 and 30 GHz
ITU-R S.1255 Provides the recommendation on the use of adaptive uplink power
control to mitigate co-directional interference between GEO FSS
networks and feeder links of NGEO MSS networks as well as
between GEO FSS networks and NGEO FSS networks
ITU-R S.672-4 Provides the satellite antenna radiation patterns for the GEO FSS
satellites
ITU-R S.1528 Provides the satellite antenna radiation patterns for NGEO FSS
satellites operating below 30 GHz
ITU RR No 5.523A Provides a specific regulatory framework for NGEO FSS systems
with regard to GEO systems in the 18.8–19.3 and 28.6–29.1
GHz bands
ITU-R RR No. 22 Contains EPFD limits for NGEO FSS systems in order to protect
GEO FSS networks from unacceptable interference
ITU-R S.1431 Provides different mitigation techniques in order to avoid the in-line
interference between NGEO satellites
ITU-R S. 1325 Provides the methodologies for determining statistics of short term
interference between co-frequency, co-directional NGEO FSS
systems and other NGEO FSS systems or GEO FSS networks
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The recommendation ITU-R S.1431 provides several interference mitigation techniques in order
to avoid the in-line interference between NGEO satellites, and these techniques are also applicable
for the coexistence of GEO and NGEO satellites. Furthermore, the recommendation ITU-R S.1325
provides the methodologies for determining statistics of short-term interference between co-frequency,
co-directional NGEO FSS systems and other NGEO FSS systems or GEO FSS networks. On the basis
of these recommendations, the following mitigation strategies can be used in order to mitigate the
in-line interference.
(1) GEO arc avoidance based on the latitude. The NGEO satellite systems can use Exclusion Zone
(EZ)-based techniques that prevent the coupling between the main beam of their satellites and
the main beam of the GEO earth station. An EZ can be defined in terms of angular separation
with respect to the equatorial plane.
(2) GEO arc avoidance based on discrimination angle between NGEO satellite and GEO arc. The
NGEO systems can implement the GEO arc avoidance strategy by switching off the beams
when any earth point within a cell observes an angular separation between the GEO arc and an
NGEO satellite of less than a certain predefined angle.
(3) Satellite diversity. This implies performing a handover process due to selection of another satel-
lite for interference avoidance. The use of satellite diversity can be considered as a mitigation
technique to avoid main beam to main beam interference by switching traffic to an alternative
satellite in view whenever such in-line events occur.
(4) Avoidance without switching to another satellite. Another option for NGEO FSS operators is to
cease transmission without switching to another satellite and accept the outage/loss of coverage
when a near in-line event occurs.
(5) Satellite selection strategies. The algorithm chosen for satellite selection by a given NGEO FSS
system may enhance the ability of that system to share with other NGEO and GEO systems. In
general, earth stations communicate with the satellite observed at the highest elevation angle.
If a system choose to select a satellite that has the largest angular discrimination with respect
to other NGEO FSS satellites, the sharing situation can be improved at the expense of added
complexity and/or reduced capacity in system operation.
(6) Satellite antenna side-lobes. The use of low side-lobe antennas in the NGEO FSS satellite may
reduce the amount of interference to and from the main beam of GEO earth station antennas
in the case of in-line interference when the NGEO satellite is serving a different area than the
location of the earth station.
(7) Earth station antenna side-lobes. The use of low side-lobe antennas on NGEO earth terminals
decreases the interference to GEO satellite systems on the earth to space link and allows for a
smaller avoidance angle.
(8) Frequency channelization. The process of subdividing the licensed bands into smaller bands
can be defined as frequency channelization. In this scheme, each sub-band can be assigned to a
separate beam that is spatially separated from its nearest co-frequency beam in order to enhance
Carrier to Interference (C/I) levels.
1.3. Scenario and contributions
The coexistence of NGEO and GEO FSS satellite systems can enhance the overall spectral efficiency
of satellite systems by making efficient use of the allocated spectrum in both temporal and spatial
domains. In this context, different coexistence techniques can be explored in the normal forward/return
mode and reverse mode scenarios [1]. Depending on the coexistence in forward or reverse modes, the
following scenarios can be considered.
 LEO/MEO and GEO coexistence in the Ka band with forward band sharing (GEO forward link,
LEO/MEO forward link)
 LEO/MEO and GEO coexistence in the Ka band with reverse band sharing (GEO forward link,
LEO/MEO return link)
 LEO/MEO and GEO coexistence in the Ka band with forward band sharing (GEO return link,
LEO/MEO return link)
 LEO/MEO and GEO coexistence in the Ka band with reverse band sharing (GEO return link,
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LEO/MEO forward link)
It should be noted that as the number of usable NGEO satellite systems in space increases, the
need for frequency coexistence between the NGEO satellite systems with the already existing satellite
networks increases rapidly. This coexistence can be in space and time domains or any other possible
domains such as polarization, radiation pattern and others. The interference environment generated by
NGEO satellite systems is not completely known yet, and the studies have been conducted with the
purpose of examining the feasibility of frequency sharing between other services and NGEO satellite
systems [3, 22–24].
As mentioned in Section 1.2, the recommendation ITU-R S.1325 provides different strategies such
as GEO arc avoidance based on the latitude and based on the discrimination angle between NGEO
satellite and the GEO arc. For the GEO arc avoidance based on the latitude, an EZ of ı can be defined
with respect to the equatorial plane, and for another method based on the discrimination angle, the
minimum discrimination angle ˛ı is required. With the knowledge of these values, different mitigation
strategies, such as satellite switching, spot turn off, and others, can be applied. However, it remains
an open challenge to find out the optimum values of ı and ˛ı. In this context, it is highly possible
to operate NGEO earth stations within the GEO EZ by applying a power control technique in such a
way that the aggregate interference towards the GEO satellite is below the interference threshold of
the GEO satellite.
Although the coexistence of GEO and NGEO satellites have been discussed in the literature by
analyzing the interference mechanism between these systems by using different simulation soft-
wares such as Visualyse [25], our approach in this paper is to propose cognitive techniques that
will allow these two systems to coexist with better interference management. We consider the sce-
narios of both GEO and NGEO networks operating in either the normal return mode or the normal
forward mode with the GEO satellite as the primary and the NGEO satellite as the secondary. Fur-
thermore, we consider the coexistence of a GEO satellite link operating in the Ka band and an
O3b satellite link as a use case of the MEO satellite link. In this paper, we focus on the equato-
rial region for carrying out interference analysis since the O3b network causes harmful interference
to the GEO network in this region. The main problem that arises in the coexistence of GEO and
NGEO networks is the in-line interference event as mentioned earlier. Although this event can be
predetermined and avoided by using proper planning considering the constellation geometries, the
performance of the primary system may be affected due to limited dynamicity of these methods.
Furthermore, the Quality of Service (QoS) of the NGEO system may not be guaranteed while trying
to mitigate in-line interference with these static methods.
In the above context, we propose an adaptive power control technique at the NGEO terminal for
uplink transmissions and at the NGEO satellite for downlink transmissions. In the proposed technique,
the required transmission power is determined to control interference towards the victim receiver,
that is, GEO satellite in the uplink transmission and the GEO earth station terminal in the downlink
transmission, taking into account of the interference threshold of these victim receivers as well as the
required QoS for the NGEO link. Furthermore, we propose different coordinated and uncoordinated
cognitive techniques that can be explored further for their practical feasibility. We summarize the
contributions of this paper in the following points:
 The link budget parameters of both the networks are presented, and interference analysis between
GEO and MEO satellite networks has been carried out.
 The detailed description of frequency sharing studies carried out in the context of GEO/NGEO
coexistence is provided.
 An underlay mode of cognitive technique based on power control is proposed in order to combat
the in-line interference towards the primary receiver (i.e., GEO satellite in the uplink scenario and
the GEO earth station in the downlink).
 Several cognitive techniques are discussed in order to allow the coexistence of GEO and NGEO
satellites in an effective way and future research challenges in this domain are identified.
The remainder of this paper is organized as follows: Section 2 reviews frequency sharing stud-
ies carried out in the context of the coexistence of GEO and NGEO systems. Section 3 presents the
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spectral coexistence of GEO and MEO satellite systems considering the O3b system as a use case
and proposes an adaptive power control technique for the uplink and downlink coexistence scenarios.
Section 4 evaluates the system performance with the help of numerical results and further provides a
methodology to calculate the NGEO capacity. Section 5 includes further discussion on the considered
coexistence and provides future research issues. Furthermore, this section discusses several cognitive
solutions including coordinated, dynamic and combined approaches. Section 6 concludes the paper.
2. FREQUENCY SHARING STUDIES BETWEEN GEO AND NGEO SYSTEMS
The GEO satellites utilize a circular orbit above the Earth’s equator and they maintain the same posi-
tion relative to the Earth’s surface, whereas the NGEO satellites generally have orbits with varying
altitudes and positions. It is generally understood that GEO and NGEO satellite networks operating on
the same spectrum are not technically compatible without employing some kind of interference mit-
igation mechanisms by one or the other satellite. Therefore, different frequency bands are generally
allocated to each type of satellite service on a primary basis. In this context, the ITU’s 1995 World
Radiocommunication Conference (WRC-95) has allocated the frequency bands 18.8–19.3 GHz (space
to Earth) and 28.6–29.1 GHz (Earth to space) to the GEO and NGEO FSS networks on the co-primary
basis [26].
In GEO satellite systems, the propagation distances from the earth to the satellite and from the
satellite to the earth are relatively fixed with respect to the Earth’s surface. In this case, the interference
paths between one GEO network and another GEO network are fixed. Generally, GEO FSS networks
are designed in such a way that frequencies can be reused by satellites spaced 3ı apart. According to
ITU-R’s definition, circular orbits of geostationary height and having plane inclinations up to 5ı can be
regarded as quasi-geostationary [22]. In such orbits, the signal and the interference paths between them
may vary to a small extent, but not sufficiently to have a major effect on the system performance while
using frequency sharing. However, the positions of LEO or MEO satellites change quite rapidly with
time with respect to the Earth’s surface. For example, the angular velocity of a satellite in a circular
orbit of height 1000 km is about 3.42°/min, compared with the 0.25°/min angular velocity of the earth,
that is, of any GEO satellite [22].
While reusing spectrum between GEO and NGEO networks, forward band sharing and reverse band
sharing can be considered [23]. In the forward band sharing, the same uplink and downlink frequencies
are shared by both the NGEO link and the GEO link, whereas in the reverse band sharing, the same
uplink and downlink frequencies are shared in reverse way. In the forward band sharing, the following
interference paths exist.
 Interference from the NGEO gateway station to the GEO satellite
 Interference from the NGEO satellite to the GEO earth station
 Interference from the GEO earth station to the NGEO satellite
 Interference from the GEO satellite to the NGEO gateway station
 Interference from one NGEO gateway station to another NGEO satellite
 Interference from one NGEO satellite to another NGEO gateway station
Similarly, in reverse band scenario, the following interference paths exist [23]:
 Interference from the NGEO satellite to the GEO satellite
 Interference from the NGEO gateway station to the GEO earth station
 Interference from the GEO satellite to the NGEO satellite
 Interference from the GEO earth station to the NGEO gateway station
 Interference from one NGEO gateway station to another NGEO gateway station
 Interference from one NGEO satellite to another NGEO satellite
The excessive interference occurs whenever an NGEO satellite passes through a line of sight path
between an earth station and the GEO satellite [22]. An earth station may fall in line with a GEO
satellite and an NGEO satellite, and the earth station will both receive and create interference through
its main beam. This interference can be treated as in-line interference. If it is a GEO network station,
it will receive interference from and interfere with the NGEO satellite. If it is an NGEO network
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feeder station, it will receive interference from and interfere with the GEO satellite. For other earth
stations in the GEO and NGEO systems, the interference enters and leaves the earth stations through
the side-lobes of their antenna patterns. In this case, the levels of interference to and from the earth
stations depend on the side-lobe levels of the antenna patterns. Although the abovementioned in-line
interference condition may occur in the forward band sharing, this condition does not occur for reverse
band sharing. In [22], the following methods have been specified to protect GEO networks from in-line
interference in the context of coexistence of feeder links of NGEO and GEO networks.
 Designing the NGEO feeder links in such a way that the percentage of outage is within the
specified limit.
 Turning off the transmitters whenever the antenna axis of NGEO satellites moves within a given
angular distance of the GEO.
 Allocating an exclusive band within the FSS allocation bands for NGEO feeder links.
 Using reverse-band in NGEO feeder links than that of GEO feeder links.
Most of the existing methods to assess interference involving NGEO satellite networks are based on
direct computer simulation using Visualyse software of Transfinite systems [25]. These methods are
usually time consuming and require a lengthy simulation run each time when some of the system and
network parameters are changed. Furthermore, in practical situations involving a large number of earth
stations and the NGEO satellites, these methods may require a very long simulation run time to produce
statistically significant results. In this context, in [4], an analytical approach to assess interference
involving NGEO satellite networks has been considered. The concept used in [4] is that the probability
of having the satellites of a NGEO system in a given set of positions (defined by the position of a
reference satellite and the type of motion of the reference satellite: ascending or descending mode) is
calculated analytically and not estimated as in simulation procedures.
The simulation results in [24] indicate a positive potential for sharing between the GEO FSS and
the NGEO satellite high rate links with sufficient site separation between the respective earth Stations.
In [27], the following two different scenarios have been considered for analyzing the interference
between GEO and NGEO satellite networks: (i) downlink interference from the NGEO constellation
into the FS system and (ii) downlink interference from the FS system to the NGEO earth station con-
sidering a random FS link. Consequently, the protection area in order to protect earth station from FS
link interference has been defined. The contribution in [3] studies the effect of interference from the
NGEO link into the GEO link using Bit Error Rate (BER) performance analysis. Consequently, the
effect of the separation angle between GEO and NGEO and the combined effect of the number of
interfering satellites and separation angle have been considered in order to analyze the effect of inter-
ference generated by an NGEO link to the GEO link. Furthermore, the contribution in [28] presents
the theoretical expressions for calculating the C/I ratio both for the uplink and the downlink in NGEO
satellite systems.
Integrating different satellite constellations is an important aspect of moving towards the next
generation satellite networks. However, most of the existing satellite systems have been operating inde-
pendent of one another. This provides an opportunity to improve the satellites system performance and
create the potential for their new applications. In this context, a multilayered satellite network consist-
ing of multiple satellite constellations having different orbital altitudes has been studied in [29, 30] as
a space core network, which delivers traffic to any point on the earth. The main advantage of the multi-
layered satellite networks is that they have the combined benefits of all the networks, that is, the wider
coverage area served by upper layers and the shorter propagation delay provided by the lower layers.
Furthermore, from the point of fair and efficient utilization of network resources, wide coverage areas
of satellites having higher altitudes are preferred for averaging the load of each satellite. In [31], a typ-
ical example of two-layered satellite networks has been considered and the load balancing issue with
the provision of QoS by using the advantage of the interconnection between layers has been discussed.
3. SPECTRAL COEXISTENCE OF MEO AND GEO SATELLITES
Currently, according to ITU RR No 5.523A, NGEO satellite systems can use the bands 17.8–18.6
GHz, 19.7–20.2 GHz, 27.5–28.6 GHz and 29.5–30 GHz in the primary basis by respecting the EPFD
Copyright © 2014 John Wiley & Sons, Ltd Int. J. Satell. Commun. Network. (2014)
DOI: 10.1002/sat
S. K. SHARMA, S. CHATZINOTAS AND B. OTTERSTEN
limits in order to protect the GEO systems. It can be noted that the adjacent bands 18.8–19.3 GHz and
28.6–29.1 GHz bands have been allocated to GEO satellites in the primary basis. By using suitable
cognitive techniques, these bands can be shared by GEO and NGEO systems for enhancing the overall
spectral efficiency of satellite systems.
As mentioned in Section 1, the O3b network proposes to use parts of the Ka band that are also used
by GEO networks. It can be observed that the frequencies used in the O3b are in the following bands
[32]: uplink: 27.5–30.0 GHz and downlink: 17.8–19.3 GHz (19.3–20.2 GHz is planned for later use).
Since the frequencies in this range have been already allocated to GEO networks, a number of inter-
ference paths exists while sharing these bands by the O3b network. For proper sharing of these bands,
it should be guaranteed that the EPFD limits within the specified band do not exceed the prescribed
limit by ITU-R. Figures 1 and 2 present the in-line interference condition in the forward normal mode
and the return normal mode, respectively. The following interference paths can be considered for the
coexistence of O3b network and GEO networks [32].
Figure 1. In-line interference in forward normal mode (The SAT terminal can be MEO/GEO terminal and
interference paths can be from GEO/MEO satellites, respectively).
Figure 2. In-line interference in return normal mode (The SAT terminal can be MEO/GEO terminal and
interference path can be towards GEO/MEO satellites, respectively).
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 From O3b uplink to the GEO uplink
 From O3b downlink to the GEO downlink
 From O3b downlink to the GEO uplink
 From GEO uplink to the O3b uplink
 From GEO downlink to the O3b downlink
 From GEO uplink to the O3b downlink
It can be noted that for GEO satellite networks serving earth stations at high latitudes, the occurrence
of in-line event never occurs, therefore not resulting in any harmful interference to GEO networks.
However, for GEO satellite networks serving earth stations near the equator, it can be observed that
there could be a potential problem as the O3b satellite may fall in-line between the GEO satellite
and an earth station on the equator [32]. The radiation patterns of the earth station antennas play an
important role in interference analysis and mitigation between two satellite systems. We assume that
the earth stations are equipped with parabolic reflector type antennas with a radiating aperture. For an
earth station antenna, the important parameters for characterizing the radiation of the main lobe are the
gain, the angular beamwidth and the polarization isolation.
3.1. Downlink coexistence analysis
In this scenario, we consider both the GEO and NGEO satellite links operating in the normal forward
mode as shown in Figure 3. There exist the following two interference links: (i) from the NGEO
satellite to the GEO earth station and (ii) from the GEO satellite to the NGEO earth station. We consider
that the GEO satellite is already in operation and the NGEO satellite link is to be deployed in the same
spectrum. In this case, the link budget of the NGEO link can be adjusted by taking into account of the
interference caused by the GEO satellite to the NGEO link. Therefore, we only consider the interfering
link from the NGEO satellite to the GEO earth station. To make the analysis simpler, we consider a
single NGEO satellite operating in the same frequency as that of the GEO satellite.
3.1.1. Problem statement. In this work, we target to solve the following issues for the considered
downlink coexistence scenario.
 The downlink transmission from the NGEO satellite may cause interference to the receiver of the
GEO earth station. The value of interference to noise ratio, that is, I/N at the GEO earth station,
should not exceed the tolerance level of I=N .
 The sum rate of the NGEO satellite link should be sufficient to achieve the desired QoS. Increasing
the transmit power at the NGEO satellite may enhance the quality of the NGEO link but it may
cause interference to the GEO link operating in the same frequency.
 Furthermore, the power on the onboard unit of the NGEO satellite is limited. Therefore, it is
necessary to minimize the transmitted power while satisfying the above two conditions.
3.1.2. Proposed power control in the downlink. Let Ptns be the transmit power of the NGEO satellite
and W be the transmission bandwidth. Let 1 be the off boresight angle of the transmitter (NGEO
satellite) in the direction of the receiver and 2 be the off boresight angle of the receiver (GEO earth
station) in the direction of the transmitter. We consider Gtns be the gain of the transmit antenna at the
NGEO satellite and the Grne be the gain of the receive antenna at the NGEO earth station. It should be
noted that the gain is a function of the off boresight angle and its maximum at the boresight angle; that
is, Gtns.0/ represents the maximum gain of the transmit antenna of the NGEO satellite and Grne.0/
denotes the maximum gain of the receive antenna of the NGEO earth station. Furthermore, we consider
dnn to be the distance between the NGEO station and the NGEO satellite and dng be the distance
However, the case of the presence of multiple NGEO stations can be straightforwardly incorporated in the analysis.
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Figure 3. Desired and interference links in the downlink coexistence of GEO and NGEO satellite networks.
between the NGEO satellite and the GEO earth station. The received power at the NGEO earth station
can be written as
Prne D Ptns.dnn/Gtns.0/Grne.0/


4dnn
2
; (1)
where Ptns.dnn/ is the transmit power required to close the link when the distance between the NGEO
station and the NGEO satellite is dnn. The expression for Carrier to Noise ratio (C=N ) at the NGEO
earth station can be expressed as
C=N D Prne
KTrneW
D Ptns.dnn/Gtns.0/Grne.0/
KTrneW


4dnn
2
; (2)
where K D 1:381023 W/(Hz K) is Boltzmann’s constant and Trne is the receive noise temperature
of the NGEO earth station antenna. Furthermore, the interference to noise ratio (I=N ) at the GEO
earth station due to the presence of NGEO link can be written as
I=N D Ptns.dnn/Gtns.1/Grge.2/
KTrgeW


4dng
2
; (3)
where Gtns.1/ and Grge.2/ are the gains of transmit antenna at the NGEO satellite towards the 1
direction (from the boresight direction) and of the receive antenna at the GEO earth station towards the
2 direction (from the boresight direction), respectively, and Trge is the receive noise temperature of
the GEO earth station antenna. In order to address the considered problems, the following optimization
problem can be formulated:
min Ptns.dnn/
subject toC=N > C0=N0;
Igeo 6 Ith;
(4)
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where Ith is the tolerable interference threshold of the GEO satellite and Igeo is the interference
received by the GEO earth station due to NGEO downlink transmission. The above optimization
problem can also be written in the following form.
min Ptns.dnn/
subject to Ptns.dnn/Gtns.0/Grne.0/
KTrneW


4dnn
2
> C0=N0rne
Ptns.dnn/Gtns.1/Grge.2/
KTrgeW


4dng
2
6 Ith=N0rge:
(5)
Considering the noise temperature does not change over the time at transmit and receive antennas;
that is, noise powers KTrgeW D N0rge and KTrneW D N0rne remain same. The above problem can
be modified into the following:
min Ptns.dnn/
subject to Ptns.dnn/Gtns.0/Grne.0/


4dnn
2
> C0
Ptns.dnn/Gtns.1/Grge.2/


4dng
2
6 Ith:
(6)
The SINR at the NGEO earth station considering the interference from the GEO satellite can be
written as
SINRd D
PtnsGtns.0/Grne.0/


4dnn
2
PtgsGtgs.3/Grne.4/


4dgn
2 C KTrneW ; (7)
where 3 is the offset angle of the GEO transmitting satellite antenna in the direction of the NGEO
earth station and 4 is the offset angle of the NGEO earth station receiving antenna in the direction of
the GEO satellite.
Figure 4. Desired and interference links in the uplink coexistence of GEO and NGEO satellite networks.
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3.2. Uplink coexistence analysis
In this scenario, we consider the coexistence of GEO and NGEO links with both operating in normal
return mode as shown in Figure 4. There exist the following two interference links: (i) from NGEO
earth station to the GEO satellite and (ii) from GEO earth station to the NGEO satellite.
3.2.1. Problem statement. We study the following problems under this scenario.
 Since the GEO system is already deployed system and should be protected from the interference
caused by the reuse of its operating frequencies, we consider the interfering link between the
NGEO earth station to the GEO satellite. In this context, the interference from the NGEO earth
station towards the GEO satellite should be below the interference constraint of the GEO satellite.
 When the NGEO link is operating in the spectrum used by the GEO satellite, the NGEO link
should provide sufficient QoS to its users while guaranteeing the primary link protection.
3.2.2. Proposed power control in the uplink. We formulate the following feasibility problem under
this scenario.
max
P
R D
´
log2.1 C CIngeoCN /; CIngeoCN > .C0=N0/rns
0; C
IngeoCN < .C0=N0/rns
subject to Igeo 6 Ith;
(8)
where the expression for C
IngeoCN , that is, uplink SINR at the NGEO satellite considering interference
from the GEO earth station, can be written as
SINRu D Prns
Ingeo C KTrnsW D
PtneGtne.0/Grns.0/


4dnn
2
PtgeGtge

 03

Grns

 04
 

4d 0gn
2 C KTrnsW ; (9)
where Ingeo denotes the interference from the GEO earth station towards the NGEO satellite, Prns
denotes the received power at the NGEO satellite, Ptne denotes the power transmitted by the NGEO
earth station,  03 is the offset angle of the GEO earth station transmitting antenna in the direction of the
NGEO satellite and  04 is the offset angle of the NGEO satellite receiving antenna in the direction of
the GEO earth station.
It can be noted that if the link budget is not enough to close the link, the terminal cannot trans-
mit anything and does not achieve any rate. More specifically, if SINRu < .C0=N0/rns , the signal
received at the NGEO satellite is not sufficient to close the link budget. In this case, although the ter-
minal transmits some power, there is no achievable rate and the resource is wasted. In this case, it is
better to switch the terminal transmission or switch the transmission to other NGEO satellites that have
better link conditions.
In the above problem, first, the feasibility is analyzed based on whether the condition SINRu >
.C0=N0/rns is fulfilled or not. If this condition is satisfied, then the problem can be considered to
be feasible; otherwise, this problem becomes infeasible. This feasibility condition can be checked by
carrying out the link budget analysis of the interfering link between the NGEO earth station to the GEO
satellite. If the problem becomes feasible, the feasibility checking problem in (8) can be formulated
into the following optimization problem.
max
P
log2

1 C C
Ingeo C N

subject to Igeo 6 Ith;
(10)
where Igeo denotes the interference from the NGEO earth station towards the GEO satellite and is
given by
Igeo D PtneGtne. 01/Grgs. 02/
 

4d 0ng
!2
; (11)
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where Ptne denotes the transmitted power of the NGEO earth station, Gtne. 01/ denotes the gain of
the transmit antenna of the NGEO earth station in the direction of  01, Grgs. 02/ denotes the gain of
the receive antenna of the GEO satellite and d 0ng denotes the distance between the NGEO earth station
and the GEO satellite.
4. NUMERICAL RESULTS
In this section, we first present results for the antenna radiation patterns by referring to related ITU-R
radio regulations. Then we present numerical results for the proposed power control technique for both
uplink and downlink coexistence scenarios considering flat-earth approximation. In our numerical
results, we consider the worst-case interference scenario by considering both the GEO and NGEO
earth stations in the equatorial plane. Furthermore, we assume 90ı elevation angle for the GEO earth
station antenna and 5ı angular separation between GEO and NGEO earth stations with respect to GEO
satellite. This angular separation approximately corresponds to 3.13 km distance on the surface of the
earth. Subsequently, we calculate the off-axis angles required for calculating beam gains by analyzing
the geometry of the considered coexistence scenarios. The link budget parameters for the Ka band
GEO satellite and the MEO satellite considering the case of O3b satellite are presented in Tables II
and III, respectively.
4.1. Antenna radiation patterns
According to ITU-R S.1528, the reference pattern for an NGEO satellite antenna having antenna
aperture diameter to wavelength ratio (D= < 35) is given by
G./ D
8ˆ<
:ˆ
Gm  3.=b/2 dBi for b <  < Y
Gm C Ls  25log.=Y / dBi for Y <  < Z
LF dBi for Z <  < 180ı
where Z D Y  100:04.GmCLsLF /, Ls is the main beam and near-in side-lobe mask cross point (dB)
below the peak gain, LF is the far-out side-lobe level (dBi) and Gm D 20log.D=/ represents the
maximum gain in the main lobe (dBi). For MEO satellite, Ls D 12 and Y D 2b , 2b being the half
power beamwidth. The value of LF is 0 dBi for ideal patterns.
According to the recommendation ITU-R S.1428-1, when there are multiple interfering sources
whose positions vary substantially with time, the level of interference received inevitably depends
on the troughs as well as the peaks in the antenna side lobe gain pattern of the victim or source of
interference, respectively. In this context, the ITU-R S.1428 recommends the following reference earth
station pattern for both GEO and NGEO links (for antennas having D= > 100).
G./ D
8ˆˆ
ˆˆˆˆˆˆ
<
ˆˆˆˆˆˆ
ˆˆ:
Gmax  2:5  103

D


2 dBi for 0 <  < m
G1 for m 6  <

95 
D

29  25log./ for r 6  < 10ı
34  30log./ for 10ı 6  < 34:1ı
12dBi for 34:1ı 6  < 80ı
7dBi for 80ı 6  < 120ı
where Gmax D 20log.D=/+8.4 dBi, G1 D 1 C 15log.D=/ dBi, m D 20D
p
Gmax  G1 deg,
r D 15:85.D=/0:6 deg.
The exact analysis of interference between GEO and NGEO networks requires a 3D model, and in this paper, we consider the
flat-earth approximation for the sake of simplicity. However, the proposed techniques are easily applicable for the real practical
scenarios as well.
Copyright © 2014 John Wiley & Sons, Ltd Int. J. Satell. Commun. Network. (2014)
DOI: 10.1002/sat
S. K. SHARMA, S. CHATZINOTAS AND B. OTTERSTEN
Furthermore, the recommendation ITU-R S.672-4 provides antenna patterns for the GEO satellite
given by
G./ D
8ˆˆ
ˆˆˆ<
ˆˆˆˆˆ:
Gm  3.=b/2 dBi for b <  < a0
Gm C Ls dBi for a0 <  < b0
Gm C Ls C 20  25log10.=0/ dBi for b0 <  < 1
0; for 1 6  < 90ı
3; for 90ı 6  < 180ı;
where Gm is the maximum gain in the main lobe (dBi), 0 is the one half the 3 dB beamwidth in the
plane of interest, 1 is the value of the  when the G./ D Gm C Ls C 20  25log10.=0/ becomes
equal to 0 dB, Ls is the desired side-lobe level relative to peak gain, and .a; b/ are numeric values and
vary based on the value of Ls . For Ls D 20 dB, the values of a and b are 2.58 and 6.32, respectively.
For our simulation purpose, we analyze the gain patterns of GEO/NGEO earth station terminals and
the GEO/NGEO satellites using relevant ITU-R recommendations. Figure 5 shows the gain pattern of
GEO/NGEO earth station antenna for transmission purpose (i.e., in the uplink direction) (carrier fre-
quency D 28.28 GHz), and Figure 6 presents the gain pattern of GEO/NGEO earth station antenna for
reception purpose (carrier frequency D 18.48 GHz) using ITU-R S.1428. Similarly, Figure 7 presents
Table II. Link budget parameters for a Ka-band GEO satellite.
Parameter Value
Parameters for satellite
Orbit GEO (circular, equatorial)
Satellite height 35,786 km
Round trip delay 500 ms
Satellite noise temperature 575ı K
Max antenna Tx gain 52 dBi
Max antenna Rx gain 55.5 dBi
TWTA RF power @ saturation Ppt 80 W
OBO 5 dB
Satellite EIRP 71 dBW
Polarization Single
Antenna efficiency 75%
Reflector size 2.2 m
3 dB beamwidth 0.82ı
Parameters for gateway
Uplink carrier frequency 28.28 GHz
Gateway antenna diameter 8 m
Gateway antenna efficiency 60%
Max gateway antenna gain 65.8 dBi
HPA peak output power 250 W
Gateway EIRP 66 dBW
uplink free space loss 212.5 dB
Gateway bandwidth 1 GHz
Uplink C/N (clear sky) 38.7 dB
Atmospheric fade margin (@ 99.9% availability) 14 dB
Uplink C/N 24.7 dB
Parameters for user terminal
Downlink carrier frequency 18.48 GHz
User link availability 99.7%
Terminal antenna diameter 0.75 m
Terminal antenna efficiency 60%
Downlink free space loss 209 dB
User link bandwidth 500 MHz
Clear sky receiver temperature 207ı K
Bandwidth per Beam 125 MHz
Carriers per beam 1
Bandwidth per carrier 125 MHz
Downlink C/I (total interference) 16 dB
Fade margin (@ 99.7% availability) 6 dB
Downlink C/N 16.1 dB
Downlink C/(N+I) 14 dB
Total C/(N+I) 13.6 dB
C/N range [0,20] dB
Terminal Tx power for RL 1 W
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Table III. Link budget parameters for MEO satellite (O3b).
Parameter Value
Parameters for satellite
Orbit MEO (circular, equatorial)
Satellite height 8062 km
Trunking capacity 1.2 Gbps per beam
Constellation size 8
Orbit spacing 45ı
Orbital inclination < 0:1ı
Round trip delay 120 ms
Number of contacts per day 4 per day
Polarization Dual orthogonalization
Beam diameter 700 km
Transponder bandwidth 2  216 MHz per beam
Channel bandwidth 216 MHz
Spacing between satellites 45ı
Tx antenna gain 31.54 dBi
Antenna diameter 0.3616 m
Half power beamwidth 3.2ı
OBO 3:8 dB
EIRP per channel per carrier 44.37 dBW
Parameters for gateway
Uplink carrier frequency Ka band (28.28 GHz)
Gateway beams 2 per satellite
Tx channels per HPA 5
uplink free space loss 200.5 dB
Tx antenna gain 64.90 dB
Tx EIRP per channel 78.66 dBW
Fade margin (@ 99.5% availability) 8.06 dB
Uplink C/N 11.51 dB
Parameters for user terminal
Downlink carrier frequency Ka band (18.48 GHz)
Number of user beams 10 per satellite
Downlink free space loss 197 dB
Rx antenan gain (dBi) 56.13
Antenna diameter 2.4 m
Rx effective G/T 30.3 dB/K
Rx power per channel 105:14 dBW
Rx flux density per channel 114:48 dBW/m2
Downlink C/N 14.81 dB
the gain pattern of the GEO satellite antenna using recommendation ITU-R S.672-4, and Figure 8
presents the gain pattern of the NGEO satellite using recommendation ITU-R S.1528.
4.2. Uplink analysis
We consider the coexistence of a GEO and an NGEO link, both operating in the normal return mode.
As mentioned in the earlier section, we tackle the problem of link feasibility analysis and adaptive
power control to maximize the rate of the NGEO link. To check whether the NGEO link is feasible
or not, we plot the SINR received at the NGEO satellite considering the desired transmission from the
NGEO earth station terminal and the interfering transmission from the GEO earth station terminal.
Figure 9 shows the transmit power of the NGEO earth station versus off-axis angle. The values of
transmit power for different off-axis angles were obtained by solving the optimization problem given
by (10). As shown in the figure legends, the values of interference threshold, that is, Ith, was considered
to be 150 and 170 dBW. From the figure, it can be noted that when the in-line event occurs, that is,
when the NGEO earth station is in-line with the GEO and NGEO satellites, the transmit power of the
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NGEO station should be decreased and it can be increased as we go away from the boresight direction
in order to maximize the rate of the secondary link.
Figure 10 shows the SINR versus off-axis angle for the considered uplink coexistence scenario.
This variation in the SINR comes from the fact that the NGEO satellite is moving over time, and the
interfering signal received by it depends on the angular position with respect to the beampattern of the
GEO earth station terminal. In this context, the beampatterns given by Figures 6 and 8 are used for
modeling the gains of the GEO earth station and the NGEO satellite, respectively. It should be noted
that the value of SINR is the lowest when the GEO earth station terminal falls in the in-line position
of the NGEO satellite. Let us consider the minimum required value of SINR, that is, SINRmin, to close
the NGEO link as 6 dB.‘ From the figure (Figure 10), it can be noted that for the interference threshold
value of Ith D 170 dBW, the SINR received at the NGEO link is not sufficient to close the link in
the range between ˙2:5ı of the maximum gain position and hence the problem in (8) is not feasible
within this angular region. Beyond this region, the SINR is sufficient to close the NGEO link and the
‘In practice, more precise value of SINRmin can be obtained from standards or the regulatory constraints for a particular NGEO
satellite system
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Figure 5. Gain pattern of earth station antenna (GEO/NGEO) in the uplink using ITU-R S.1428.
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Figure 6. Gain pattern of earth station antenna (GEO/NGEO) in the downlink using ITU-R S.1428.
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Figure 7. Gain pattern of GEO satellite receive antenna using ITU-R S.672-4.
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Figure 8. Gain pattern of NGEO satellite antenna using ITU-R S.1528.
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Figure 9. Transmit power of the NGEO earth station terminal for the uplink coexistence scenario of GEO and
NGEO links.
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Figure 10. SINR at the NGEO satellite for the uplink coexistence scenario of GEO and NGEO links.
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Figure 11. SU rate for the uplink coexistence scenario of GEO and NGEO links.
feasibility check problem in (8) reduces to the optimization problem in (10). It should be noted that
this feasible range depends on the allowable interference threshold at the GEO satellite. Furthermore,
we present the plot of sum-rate of the NGEO link versus off-axis angle in Figure 11. From the figure,
it can be noted that the achievable sum-rate near to the boresight direction is very low, and it increases
as the off-axis angle is increased. The SU rate (SR) plotted in Figure 11 is obtained from the SINR
plot in Figure 10 using the relation SR D log2

1 C 100:1SINR.
4.3. Downlink analysis
For the downlink coexistence scenario, we solve the optimization problem given by (6). Figure 12
shows the SINR versus off-axis angles for the downlink coexistence scenario. In these simulation
results, the values of interference threshold and the desired carrier power were considered to be 150
and 105 dBW, respectively. The optimum value of power was found to be 12.2747 dBW. The NGEO
satellite was considered at an angular distance of 5ı from the boresight direction (0ı) of the main beam
of the GEO satellite. Figure 13 presents the worst-case SU rate versus off-axis angle for the downlink
coexistence scenario. It can be noted that the worst-case SU rate slightly increases as we move away
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Figure 12. SINR at the NGEO earth station for the downlink coexistence scenario of GEO and NGEO links
(Ith D 150 dBW, C0 D 105 dBW).
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Figure 13. SU rate for the downlink coexistence scenario of GEO and NGEO links (Ith D 150 dBW, C0 D
105 dBW ).
from the boresight direction and remains more or less constant beyond 5ı. The SU rate (SR) plotted in
Figure 13 is obtained from the SINR plot in Figure 12 using the relation SR D log2

1 C 100:1SINR.
In order to show the effect of desired carrier threshold value C0 on the transmit power as well
as on the SU rate, we plot transmit power versus carrier threshold in Figure 14 and SU rate versus
carrier threshold in Figure 15. From Figure 14, it can be noted that as the desired carrier threshold
for the NGEO earth station increases, the required transmit power also increases. This experiment was
carried out by setting the value of interference threshold towards the GEO earth station as 150 dBW.
Different levels of carrier threshold may be required at the NGEO terminal depending on the type of
modulation schemes implemented. For example, a Binary Phase Shift Keying (BPSK) scheme requires
smaller value of carrier threshold and the required minimum value of carrier threshold increases for
higher modulation schemes. The conclusion from Figures 14 and 15 is that the transmit power at the
NGEO satellite can be adjusted in order to provide the desired values of carrier power as well as the
user rate by guaranteeing the sufficient protection of the GEO earth station.
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Figure 14. Transmit power versus carrier threshold for the downlink coexistence scenario of GEO and NGEO
links (Ith D 150 dBW).
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Figure 15. SU rate versus carrier threshold for the uplink coexistence scenario of GEO and NGEO links (Ith D
150 dBW).
4.4. NGEO capacity
In this section, we evaluate the total capacity of an NGEO satellite using the proposed power control-
based method and compare with the following capacities: (i) the NGEO only capacity (without
GEO presence) and (ii) the NGEO capacity achieved by using ITU-R angular discrimination-based
approach. For the evaluation of NGEO total capacity, we use the analytical method proposed in [4] in
order to take account of the statistical behavior of the interference events. For the simplicity of analy-
sis, we consider only one NGEO satellite in an orbit of height 8062 km with its plane inclined at 20ı
to the equatorial plane.
As mentioned before, ITU-R S.1325 suggests different methodologies in order to avoid interference
with the GEO satellite when the in-line situation occurs. Out of these approaches, we consider the
discrimination angle-based approach. In this approach, whenever an NGEO satellite terminal sees an
angular separation of less than ˙˛ı between GEO and NGEO satellites, it switches off its transmission.
On the other hand, in our proposed power control-based approach, the NGEO satellite terminal can
transmit with the controlled power, determined based on the interference threshold of the GEO satellite,
even if the NGEO satellite enters into the region of discrimination zone.
Let (; ) denote the location of an NGEO satellite at a certain time instant with  being latitude
and  being the corresponding longitude. This can be considered as a reference satellite position of an
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NGEO network while considering multiple NGEO satellites as in [4]. Since the NGEO satellite moves
over the time, the values of  and ˚ vary over the time. Depending on the inclination of the NGEO
satellite’s plane with respect to the equatorial plane and the coverage region of interest on the surface
of the earth, the NGEO satellite appears over a certain grid (in terms of the latitude and longitude) with
a certain probability. In the coexistence case considered in this paper, the second network is a GEO
network and the position of the GEO satellite remains stationary with respect to a terminal located on
the surface of the earth. While considering the uplink coexistence of these two networks, the desired
signal level at the NGEO satellite and the interference signal level at the GEO satellite vary as the
position of NGEO satellite changes over the time. This dynamics can be captured in the analysis by
considering the probability of an NGEO satellite being in a certain grid x D .; / position. Let 
denote the angle between the NGEO orbital plane and the equatorial plane, then the range of interest
becomes  6  6  ,  6  6  [4]. By modeling x as a random variable with probability density
function (PDF) Px.; /, the desired and interference signal levels can be computed while considering
the satellite location probability density function. The expression for Px.; / is given by [4]
Px.; / D
´
1
22
cos./p
sin2./sin2./ ;  6  6 ;  6  6 
0; otherwise:
(12)
It can be noted that the uplink SINR given by (9) and the interference towards the GEO satellite (11)
depends on the geometry of the problem since the values of the parameters  03,  04,  01,  02, dnn, d 0ng and
d 0gn vary depending on the position of the NGEO satellite. As illustrated in [4], after calculating the
NGEO satellite location density function using (12), the corresponding density function of SINRu in
(9) can be computed.
For simulation of the aforementioned procedure, we consider the SES ASTRA 2D GEO satellite
located at 28:2ı East (E) and a GEO satellite terminal with elevation angle of 90ı, that is, at the grid
position of 28:2ı E longitude and 0ı latitude. Furthermore, we consider an NGEO satellite at an orbit
of height 8062 km with its plane having 20ı inclinationk to the equatorial plane and an NGEO satellite
terminal located at the grid position of 22:2281ı E in the equatorial plane. Then in order to evaluate
the capacity of a NGEO satellite in a specified orbital position, we define the following terms.
(1) Orbital Capacity: It is defined as the capacity for a specific NGEO orbital location.
(2) Average Orbital Capacity: It is the orbital capacity normalized according to the probability of
the NGEO orbital location of interest.
(3) Total Capacity: Total capacity integrated over the considered orbital locations.
Table IV provides the simulation parameters used for generating results presented in this subsection.
Figure 16 depicts the NGEO orbital capacity versus satellite orbital position without considering the
kThe inclination of O3b orbit is less than 0:1ı, and in this section, we consider the general NGEO case without being specific
to the O3b case.
Table IV. Simulation parameters used for calculating NGEO total capacity.
Parameter Value
NGEO earth station transmit power 12 dBW
GEO earth station transmit power 12 dBW
GEO earth station location 0ı latitude, 28:2ıE longitude
NGEO earth station location 0ı latitude, 28:2281ıE longitude
GEO satellite location 0ı latitude, 28:2ıE longitude
GEO satellite antenna pattern ITU-R S.672-4
NGEO satellite antenna pattern ITU-R S.1528
GEO earth station antenna pattern ITU-R S.1528
NGEO station antenna pattern ITU-R S.1428
NGEO satellite latitude range 20ıS to 20ıN
NGEO satellite longitude range 10ıE to 45ıE
Discrimination angle for angular discrimination method 10ı
GEO interference threshold for power control approach 130 dBW
Carrier bandwidth 500 MHz
Noise power 117 dBW
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Figure 16. NGEO orbital capacity versus NGEO satellite position without considering the GEO link.
Figure 17. NGEO orbital capacity versus orbital position with power control at the NGEO terminal.
GEO link. As noted in Table IV, we consider the NGEO orbital region of 20ı 6  6 20ı and 10ı 6
 6 45ı for evaluating the NGEO capacity. Similarly, Figure 17 depicts the NGEO orbital capacity
versus orbital position with the proposed power control-based approach, and Figure 18 presents the
NGEO orbital capacity versus orbital position with ITU-R discrimination angle-based approach. In
the presented results (Figures 17 and 21), we control the NGEO transmission in such a way that the
transmitted power does not exceed the maximum power of the NGEO satellite terminal indicated in
Table IV.
Figure 19 depicts the probability density function of NGEO satellite location calculated based on
(12). It can be noted the probability of the NGEO satellite being in a particular grid area varies with
the latitude of the NGEO satellite with its value being high near to the latitude value equal to the incli-
nation angle of the NGEO satellite. In order to evaluate the average capacity of the NGEO satellite, we
apply the PDF plotted in Figure 19 to the NGEO orbital capacities plotted in Figures 16–18. Figure 20
indicates the NGEO only average capacity versus satellite position without considering the GEO pres-
ence. Furthermore, Figure 21 depicts the average NGEO capacity versus satellite position with the
proposed power control, and Figure 22 presents the average NGEO capacity versus satellite position
with the ITU-R discrimination angle-based approach.
Table V provides the comparison of the total NGEO capacity for three different scenarios, which
is calculated by integrating the average orbital capacity over the considered orbital locations, that is,
20ı 6  6 20ı and 10ı 6  6 45ı. It can be noted that the NGEO total capacity is the highest for
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Figure 18. NGEO orbital capacity versus orbital position with ITU-R discrimination angle-based approach.
Figure 19. Probability density function of NGEO satellite location.
Figure 20. NGEO average capacity versus orbital position without considering the GEO interference.
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Figure 21. NGEO average capacity versus orbital position with power control at the NGEO terminal.
Figure 22. NGEO average capacity versus orbital position with ITU-R discrimination approach
Table V. Comparison of achievable NGEO capacity over the considered region for different cases.
Case Value
NGEO capacity without GEO presence 771.29 bps/Hz
NGEO capacity with GEO presence and power control at NGEO terminal 747.42 bps/Hz
NGEO capacity with GEO presence and ITU-R angular discrimination approach 728.80 bps/Hz
the NGEO only case (without GEO presence) and the lowest for the case with discrimination angle-
based approach. By implementing the proposed power control-based approach, we can achieve almost
18.62 bps/Hz more capacity than the ITU-R discrimination angle-based approach for the considered
set of parameters, which is a significant gain.
5. DISCUSSION AND FUTURE ISSUES
Regarding the uplink coexistence of GEO and NGEO satellites in the same spectrum, the aggregate
interference from NGEO terminals may be problematic to satisfy the desired interference threshold
at the satellite receiver. Furthermore, in the uplink, the interference to the GEO satellite depends not
only on the interference from the main lobe of the NGEO terminal, which is in-line with the GEO
link, but also on the aggregate interference caused by the side-lobe gains of the beampatterns of the
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many NGEO terminals in the ground. In the downlink, there is little chance of the GEO terminals
being interfered by the NGEO satellite since the main beams of the NGEO terminals and the NGEO
satellite are attached in such a way that there is very low probability of overlapping the GEO terminal’s
main beam with the NGEO satellite’s main beam. However, when the NGEO terminal is very near
to the GEO terminal, especially in the equatorial region, the GEO terminal may receive significant
interference from the NGEO satellite’s transmission. It should be noted that if there are many NGEO
satellites operating in different equatorial orbits, the GEO terminals that are located in the equatorial
region may get aggregate interference from the side-lobes of the NGEO satellite’s beampatterns. To
facilitate the coordination between two satellite systems operating in the same spectrum, there exists
regulatory constraints such as the EPFD limits of secondary transmission or the tolerable interference
limits for the primary systems. In this context, the mechanisms to avoid the interference between two
systems should be employed in order to protect the previously deployed GEO satellite systems while
respecting the regulatory constraints.
In practice, the interference tolerance threshold for a GEO satlelite/terminal indicates the maxi-
mum permissible value of interference it can receive without any degradation in its link QoS. In other
words, the aggregate interference provided by the non-GEO satellites/terminals towards a GEO ter-
minal/satellite should be below this value. If we know the value of this parameter, we can use this
in designing a suitable power control strategy for a NGEO terminal/satellite in order to protect the
primary GEO satellite/terminal as illustrated in Section 4. The value of interference threshold can be
fixed in such a way that the aggregated interference to noise ratio does not exceed 6 dB [17, 33].
For example, for the user link bandwidth of 500 MHz, an interference threshold of 123 dBW can be
considered while designing the power control strategy for a single NGEO terminal/satellite. If there
exist multiple NGEO terminals/satellites, this value should be scaled accordingly in order to find out
interference threshold constraint for each NGEO transmitting satellite/terminal.
The selection of interference threshold for the GEO satellite depends on the permissible level of
interference based on standards or ITU-R recommendations. This interference threshold should be
respected for the case of single interfering users as well as for the multiple interfering users. If there
exist N interfering users and they have more or less same interference towards the victim receiver,
then the interference threshold can be scaled in such a way that the interference threshold that is
to be protected by a single interfering user becomes IT =N . If there is no coordination between the
interfering users, the only way to respect the interference constraint of the primary receiver is by
respecting the scaled amount of interference threshold by each user. The value of N , that is, the number
of NGEO satellites operating in the same spectrum, can be known using the database of registered
satellite systems. If we can allow some form of coordination between the interfering users, that is,
NGEO terminals in our context, then we could allow more interference for one terminal based on
traffic condition, geographical location, and so on. In the context of satellite communications, the
coordination may become feasible since a single gateway is responsible for large coverage area and
the gateways are generally connected with the help of a high speed link.
The main technical challenges for mitigating the interference between GEO and NGEO systems
operating in the same spectrum band are provided below.
(1) Determination of the minimum separation requirement between earth stations of GEO and
NGEO satellite systems based on the acceptable interference levels.
(2) Assessing the performance of GEO satellite system in the presence of in-line interference from
NGEO systems.
(3) Advanced interference mitigation techniques to allow the coexistence of GEO FSS and NGEO
MSS systems.
(4) Exploiting underlay and overlay cognition techniques in the coexistence of LEO/MEO and GEO
satellites taking advantage of inter-satellite links between different orbits.
(5) Resource management techniques for dynamic allocation of power and carriers in two-layered
satellite networks.
(6) Exploring physical layer issues in the multilayered satellite networks.
(7) To analyze and model the interference environment generated by NGEO systems properly.
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(8) Since the Ka band has also been used by terrestrial FS systems, it is an important issue to study
the impact of interference on one another due to coexistence of three types of systems in the
same frequency band.
5.1. Other cognitive approaches
5.1.1. Coordinated approach. The main concept behind this approach is that the coordination
between GEO and O3b network can facilitate in spectrum sharing between two networks. The GEO
gateway station and the O3b gateway station can be connected with the help of a high speed signal-
ing link (i.e., microwave and optical fiber). In terms of the cognitive scenario, we consider multibeam
GEO satellite link as the primary and the O3b satellite link as the secondary since GEO satellite is
already deployed in this spectrum. We consider the GEO satellite to be multibeam satellites. With the
help of the signaling link between the gateways, the O3b gateway can be aware of the beampatterns of
the GEO satellite. However, the beampattern of the O3b satellite changes over the time. Since the O3b
gateway has the knowledge of GEO beampattern, it can automatically select its frequency of operation
not to overlap with the in-line GEO beam. If there are no more free frequencies available, the O3b can
switch off its transmission on that beam when the beam passes through the the in-line center of the
GEO beam. In this way, with the help of coordination between different gateways, the harmful in-line
interference can be mitigated. Furthermore, based on coordination and synchronization between two
systems, cognitive beamhopping system as proposed in [16] can be applied.
5.1.2. Exclusion zone plus power control approach. By finding out the proper exclusion region for
the GEO earth station, the interference caused by the NGEO systems to the GEO station can be miti-
gated by allowing them to operate outside the EZ. Furthermore, the interference caused by the NGEO
systems to the GEO satellite can be mitigated by defining the proper exclusion angle and applying the
techniques such as switching, turn-off, and so on when NGEO satellites enter into the GEO exclusion
angular region. However, as the number of NGEO systems increases, the above techniques do not pro-
vide better solution due to the requirement of higher spectral efficiency. In this context, different levels
of EZ can be defined based on the level of interference between two systems. In the regions where
interference level is too high, the only way to mitigate is either by switching transmission to another
NGEO satellite or turning off the transmission. For other regions, we can apply power control to miti-
gate interference as described in the previous section. By combining these two approaches, the spectral
efficiency can be enhanced than that of spectral efficiency obtained by using only single method.
5.1.3. Dynamic approach. In this approach, we consider O3b network and GEO links working in
the normal return mode. We note that VSAT transmit-receive terminals can use the same antenna for
transmission and reception purposes. We can assume similar types of terminals to be used in O3b
gateways/user terminals. The concept is that the in-line interference is detected during the reception
phase and the terminal does not transmit in its transmission phase until the in-line interference in the
reception link does not fall below the predefined threshold. In this approach, either the O3b gateway
or the terminal should be equipped with some intelligent sensor which can sense the presence of the
in-line interference. As soon as it is aware of the in-line interference, it can switch off its transmission
dynamically.
6. CONCLUSION
In this paper, a detailed overview of frequency sharing studies and interference mitigation techniques
has been provided for the spectral coexistence of GEO and NGEO satellite networks. Furthermore,
interference analysis has been presented for the spectral coexistence of a GEO link and an MEO link
considering the O3b network as a use case, and an adaptive power control technique has been proposed
in order to adapt the transmit power of the MEO satellite/terminal in order to satisfy the desired QoS of
the MEO link while guaranteeing the interference to the GEO link to be below the tolerable interference
limit. Moreover, several cognitive approaches such as coordinated, dynamic and combined have been
discussed and future issues in this domain have been identified. We consider investigating interference
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mitigation techniques for the spectral coexistence of LEO networks considering the Iridium satellite
link as a use case with other NGEO satellite networks as our future work.
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